Study of Terahertz Emission from Surfaces

Experiments
In our experiments, we have used two THz time domain spectroscopy (TDS) setups with dierent femtosecond lasers. The rst laser was more powerful (650 mW), while the second one gave a possibility change of the excitation wavelength at a xed power of 5 mW. These setups are presented in Fig. 1 .
For initial measurements, a setup with femtosecond mode-locked Ti:sapphire laser (800 nm wavelength, 150 fs pulse duration, 76 MHz repetition rate, 650 mW average power) was used (Fig. 1b) [2] . The laser beam was divided into two parts. More powerful part was directed to the CIGS sample, which in turn emits THz radiation. THz radiation was detected by the low temperature grown (LTG) GaAs photoconductive detector, which was gated by small part of laser radiation (≈ 45 mW). The sample was attached to a 2-axis stage mount, with which we could measure THz emission from dierent sample parts. By changing the delay line position, we change the delay only of the THz pulse which arrives at the THz detector and therefore induces the current, which is measured with a lock-in amplier. Thus we determine the entire THz pulse transient. For experiments with variable quantum energy, a more complex system was used (Fig. 1a) . Here, as the optical source, amplied ytterbium-doped potassium gadolinium tungstate (Yb:KGW) laser system (Pharos, Light Conversion Ltd.) was used. It emits 1030 nm, 160 fs optical pulses with 200 kHz repetition rate. The ma jor part of laser radiation (≈ 6 W) was directed to the optical parametric amplier (OPA Orpheus, Light Conversion Ltd.), which generates tunable 6402600 nm wavelengths and approximately 140160 fs long pulses. This setup is similar to the setup that we described previously except that the THz radiation was detected by the photoconductive THz detector manufactured from a GaAsBi epitaxial layer, which was excited by a small part of laser radiation (≈ 5 mW).
The THz excitation spectrum was determined by changing the wavelength of the excitation laser beam and measuring the peak to peak value of THz waveform.
Measurements were performed at constant optical power (≈ 5 mW), where the THz amplitude is linearly propor-
Study After deposition, the sample was annealed in argon atmosphere for 20 min at 250
• C and for 40 min at 530
• C. 2 ) causing non-uniformity during the deposition step and thermal gradients during the thermal processing step.
Results
Firstly, an entire sample array was scanned with rst THz TDS setup. An obtained photocurrent map is presented in Fig. 2b . As one can see, a rather random map is obtained. Recorded THz pulse wave forms and spectra from one row (b row) of a sample are presented in Fig. 3 .
Pulse wave forms and shapes of the spectra are similar.
Dierence in peak amplitude and spectra width can be explained by dierent properties of CIGS layer.
After deposition of an undoped 5060 nm thick ZnO layer, the amplitude map becomes more uniform, with an amplitude reduction in the average (Fig. 4a,b) . Such a result can probably be attributed to a modication of internal elds near the surfaces of CIGS crystals by deposition of an undoped wide-gap semiconductor ZnO.
One of the brightest (in THz) sample elds (b2) was selected for further characterization after a step-by-step growth of doped ZnO:Al layers. First, the THz amplitude was recorded for various quantum energies of the 
Conclusions
The spectra of THz emission from Cu(In,Ga)Se 2 layers, grown by the sputtering technique from a single chalcogenide target, was studied by means of THz TDS spectroscopy. It was determined that for large area samples, 
